The current performance status of low-temperature radiator (e 1000 "C) thermophotovoltaic (TPV) devices is presented. For low-temperature radiators, both power density and efficiency are equally important in designing an effective TPV system. Comparisons of lcm x lcm, 0.55 eV InGaAs and InGaAsSb voltaic devices are presented. Currently, IlnGaAs lattice-mismatched devices offer superior performance in comparison to InGaAsSb lattice-matched devices, due to the former's long-term development for numerous optoelectronic applications. However, lattice-matched antimony-based quaternaries offer numerous potential advantages.
INTRODUCTION
Recently, low-temperature radiator ( .
: 1000 "C) thermophotovoltaic (TPV) devices have been investigated by a number of laboratories [1, 2] . This is in contrast to the large number of investigatiorns carried out in the 1960s-1980s that concentrated on silicon or germanium TPV cells and high-temperature radiators (1 500-2000 "C) [3] . Lowering the radiator temperature necessitates many changes in the design of TPV systems including development of low bandgap (0.4-0.7 eV) TPV devices and efficient below bandgap spectral control techniques (e.g., interference filter, plasma filter, metallic dipole filters, and back surface reflector). This paper presents a compinrison of TPV diode performance for two competing low-bandgap materials (Es Z 0.55 ev):
InGaAs and InGaAsSb. It must be noted that attaining high quality diodes is only one aspect of demonstrating a successful TPV device. The integration of an effective spectral control device is of equal importance for obtaining a high efficiency device.
InGaAs devices have been widely investigated for numerous high speed electronic and optoelectronic applications [4, 5] . Over the bandgap range of interest, InGaAs is lattice mismatched to InP substrates; and therefore effective graded layers must be utilized to obtain high quantum efficiency and low dark current. This technology has been developed by a number of laboratories for TPV applications using primarily organometallic vapor-phase epitaxial (OMVPE) growth [1,2]. Due to this material system's relative maturity, the highest performance low bandgap TPV devices are currently InGaAs. Long-term reliability (>l O5 hours) at typical operating conditions (1 -1 OA/cd, 50-1 00 "C) has yet to be determined for these lattice-mismatched devices.
Quaternaty semiconductors allow independent variation of both bandgap and lattice constant. InGaAsSb is one potential semiconductor that can be grown lattice matched to either GaSb or lnAs in the bandgap range of interest. This material system has recently been investigated for mid# (2-5 pm) quantum well lasers and detectors [6] . To date, liquid phase epitaxy (LPE) and molecular beam epitaxy (MBE) growth techniques have had the most success in obtaining high quality optoelectronic devices. However, OMVPE of InGaAsSb continues to be an active area of research [7] . LPE-grown devices on GaSb are limited to bandgaps of 0.53-0.7 eV due to the presence of a miscibility gap [8]. In addition to being lattice matched, advantages of this material system include: high hole mobility, simpler device structure, and tunneling reverse-bias breakdown which precludes the use of bypass diodes in high voltage arrays.
N-on-p InGaAs devices used for this comparison were fabricated at SPIRE Corp. using OMVPE, while p-on-n InGaAsSb devices were fabricated at JX-Crystals using LPE. Both devices were 1 cm x 1 cm; had a single 1 -mmwide central busbar; and utilized gridlines that were 10 ymwide, 3 5 pm-thick, and spaced 100 pm apart. The InGaAs devices were grown in p+-lnP substrates and consisted of an -4 pm-thick step-graded layer, a wide bandgap back surface field, an -3 pm-thick p-base layer (Ino.7nG%.asAs), a 0.25 pm-thick ntemitter layer, and a 0.02 pm-thick wide bandgap window layer [9] . InGaAsSb devices were grown on n-GaSb wafers and consisted of an -1 0 pm-thick n-base layer and a diffused pi emitter. The InGaAs data has new1 or at high short circuit currents and n 2 behavi Based on this data and su~se~uent ~empe~ature d (n = 2). it is suspected that ~e-related bulk defects are causing the non-ideal behavior. Temperaturedependent ~l l u~~n a~~d current vs. voM measurements were also taken to determine differenc the dominant darkcurrent mechanism. Samples were measured on a thermoelectricallycooled chuck using separate current and voltage probes for both the front and back contacts (i.e., Kelvin probes). Fill-factors of 60-65% have been achieved on both InGaAs and InGaAsSb devices at current densities of 5 N c d operating at room temperature. This is within 10% of the theoretical maximum, assuming radiative limited dark current and zero series resistance [ll] . In addaion to conventional series resistance components (eg., gridlines, contact resistance, etc.), all semiconductor heterojunction barriers that may also contribute to unwanted series resistance must be minimized. This is particularly troublesome for the InGaAsSbGaSb interface [12] .
Finally, the performance of these devices was compared to other published data. Shown in Fig. 5 is a comparison of InGaAs. dark current as a function of bandgap in comparison with the radiative dark current limit [l I].
Included in this chart are published InGaAs detector (reverse-bias current), and thermophotovoltaic (voltaic dark current) data Here, the detector dark currents are typically measured at 5-10 mV reverse bias, while TPV dark currents are extracted from I , vs. V , data. The most extensively studied InGaAs composition is lattice matched to InP substrates (Es = 0.73 eV). Figure 5 suggests that the voltaic dark current is 1-2 orders of magnitude smaller than the reverse-bias dark-current measurements in optimized 0.73 eV devices (this has been confirmed in separate measurements). This is due to the predominance of R-G dominated dark current, which typically dominates in reverse bias. As the bandgap decreases, the TPV dark current is no longer 1-2 orders of magnitude lower than the detector data. This suggests further improvements in InGaAs TPV devices are possible by reduction of misfit dislocation defects. 
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